Some of the most unique and compelling survival strategies in the natural world evolved long ago, and are fixed in now-isolated species. Molecular insight into these adaptations has been limited, as classic experimental genetics has focused on the interfertile individuals of a population 1 . Here we dissect a complex thermotolerance difference between yeast species that diverged millions of years ago. Using a new mapping approach that screens mutants in a sterile interspecific hybrid, we identified eight genes that underlie the growth advantage of Saccharomyces cerevisiae over its sister species S. paradoxus at high temperature. All eight encode housekeeping factors with no known direct function in heat-shock or stress response. Pro-thermotolerance alleles at these mapped loci were required for the adaptive trait in S. cerevisiae and sufficient for its partial reconstruction in S. paradoxus. Together, our data reveal the genetic mechanism by which S. cerevisiae acquired its high-temperature growth advantage in the distant past. And our study lays the groundwork for the mapping of genotype to phenotype in clades of sister species across Eukarya.
the magnitude of differences in thermotolerance between species far exceeded that of strain variation within each species (Figure 1 ). No such effect was detectable at 28°C ( Figure S1 ). The failure by S. paradoxus to grow to high density at 39°C was, at least in part, a product of reduced survival, as its viability was low starting at quite early times in the culture, relative to that of S. cerevisiae ( Figure S2 ).
We set out to dissect the genetic basis of the S. cerevisiae thermotolerance phenotype, using a genomic implementation of the reciprocal hemizygote test 10, 11 ( Figure 2A ). We mated S.
cerevisiae strain DBVPG1373, a soil isolate from the Netherlands, with S. paradoxus strain Z1,
an English oak tree isolate. In the resulting sterile hybrid we generated hemizygote mutants using a plasmid-borne, selectable PiggyBac transposon system 12 . We cultured the pool of mutants in bulk for ~7 generations at 39°C and 28°C. From cells in each culture we sequenced the genomic context of transposon-containing DNAs 13 , as a readout of the genotypes of mutant hemizygote clones present in the selected sample and their abundances. These sequencing data revealed 4888 genes for which transposon mutant clones could be detected in both species' alleles in the hybrid ( Figure S3 ), with transposon insertions distributed in a largely unbiased manner across the genome ( Figure S4 ). For a given gene, we tabulated abundances of mutants whose transposon insertion fell in the S. cerevisiae allele of the hybrid, after hightemperature selection relative to the 28°C control, and we compared them to the abundance distribution of mutants in the S. paradoxus allele ( Figure 2A ). Any difference in fitness between these reciprocal hemizygote cohorts can be ascribed to variants between the retained alleles at the respective locus; we refer to the comparison as reciprocal hemizygosity analysis via sequencing (RH-seq). Incorporating this approach with a quality-control pipeline ( Figure S3 ), in a survey of 3416 high-coverage genes we identified 8 top-scoring hits (false discovery rate 0.01; Figure 2B ). At each such gene hit, disruption of the S. cerevisiae allele in the hybrid was associated with low clone abundance after selection at 39°C relative to 28°C ( Figure 2B ), reflecting a requirement for the S. cerevisiae allele for thermotolerance. None of the genes mapped by RH-seq had a known role in the yeast heat shock or stress responses. All were annotated as housekeeping factors: ESP1, DYN1, MYO1, CEP3, APC1, and SCC2 in chromosome segregation and cytokinesis, and AFG2 and TAF2 in transcription/translation.
We sought to verify, on a single-gene basis, the impact on thermotolerance of allelic variation at genes that emerged from RH-seq. For each of the eight hit genes, we engineered hybrids harboring complete deletions of each species' allele in turn, and we assayed their growth at 28°C and 39°C. At each gene, disrupting the copy from S. cerevisiae weakened the thermotolerance of the hybrid ( Figure 2B ), with little impact on growth at 28°C ( Figure S5 ), consistent with fitness inferences from RH-seq. And at each RH-seq hit gene, the S. paradoxus allele made no contribution to the phenotype of the hybrid, since deleting it had no effect ( Figure   2B and Figure S5 ). We conclude that the loci emerging from our RH-seq analysis represent bona fide determinants of thermotolerance in the hybrid.
We expected that our RH-seq hits, though mapped by virtue of effects in the hybrid, could also explain thermotolerance differences between purebred species. As a test of this notion, for each RH-seq hit in turn, we replaced the endogenous allele in each purebred species with the allele from the other. Growth assays of these transgenics established the S. cerevisiae allele of each locus as necessary or sufficient for biomass accumulation at 39°C, or both: thermotolerance in the S. cerevisiae background was compromised by S. paradoxus alleles at 7 of the 8 genes and, in S. paradoxus, improved by S. cerevisiae alleles at 6 of 8 loci (Figure 3 ). Allele replacements had little effect on growth at 28°C ( Figure S6 ). Thus, the loci mapped by RH-seq in an interspecies hybrid contribute causally to thermotolerance in purebred backgrounds.
Phylogenetic inference among Saccharomycetes made clear that RH-seq hit genes have evolved rapidly along the branch leading to S. cerevisiae (resampling p = 0.01), consistent with the likely origin of thermotolerance as a derived trait in this species.
In this work, we have used RH-seq to elucidate the genetic basis of differences in thermotolerance between long-diverged yeasts. Our results suggest that, during its split from S.
paradoxus, S. cerevisiae acquired thermotolerance in part by tuning chromosome segregation and other cell growth functions. Plausibly, variants at many of our mapped loci could act to improve stability and/or function of the cell division machinery under heat stress 14 . These insights stand in contrast to traditional mapping analyses within S. cerevisiae, which have focused on rare thermotolerance losses in strains under relaxed selection 10, 15 . Indeed, RH-seq is well-suited to the study of the radiation of species complexes, when each species has developed and refined adaptive traits over long timescales 16 . Given successful mating between any species pair, the sterility of the resulting hybrid need not be a roadblock in the mapping of genotype to phenotype. given panel, the x-axis reports the log 2 of abundance, measured by RH-seq after selection at 39°C, of a clone harboring a transposon insertion in the indicated species' allele, relative to the analogous quantity for that clone from selection at 28°C. The y-axis reports the proportion of all clones bearing insertions in the indicated allele that exhibited the abundance ratio on the x, as a kernel density estimate. In insets, each bar reports the relative efficiency: mean growth efficiency at 39°C (n = 8-12) of the indicated targeted-deletion hemizygote measured in liquid culture assays, normalized to the analogous quantity for the wild-type hybrid. *, p ≤ 0.002; error bars report standard deviation. 
Materials and Methods

Strains
Strains used in this study are listed in Supplementary Table 1 . Homozygous diploid strains of S.
cerevisiae and S. paradoxus used as parents of the interspecific hybrid, and as the backgrounds for allele-swap experiments, were homothallic DBVPG1373 and Z1, respectively.
In the case of the hybrid parents, each strain was rendered homozgyous null for URA3 via homologous recombination with a HYGMX cassette, then sporulated; a given mated spore from a dissected tetrad was grown up into a diploid that was homozygous null at URA3 and tested for the presence of both genomes by PCR with species-specific primers. plasmid.
piggyBac transposon machinery
Untargeted hemizygote construction via transposon mutagenesis
For mutagenesis, pJR487 was gigaprepped using a column kit (Zymo Research) to generate ~11 mg plasmid. To prepare for transformation, JR507 (the S. cerevisiae x S. paradoxus hybrid)
was streaked from a -80°C freezer stock onto a yeast peptone dextrose (YPD, 1% yeast extract 
Thermotolerance phenotyping via selection of the hemizygote pool
One aliquot of the pool of transposon mutant hemizygotes in the JR507 S. cerevisiae x S.
paradoxus background was thawed and inoculated into 150 mL of YPD in a 250 mL flask, and cultured for 7.25 hours at 28°C, with shaking at 200 rpm. We used this timepoint as time zero of our thermotolerance experiment, and took four aliquots of 6.43 mL (7 OD units) as technical replicates for sequencing of transposon insertion positions (see below). 9.19 mL of the remaining culture was back-diluted to an OD 600 of 0.02 in a total of 500 mL YPD in each of six 2L glass flasks for cultures that we call selections; three were grown at 28°C and three at 39°C
(shaking at 200 rpm) until an OD 600 of 1.9-2.12 was reached, corresponding to about 6.5 doublings in each case. Four cell pellets of 7 OD 600 units each were harvested from each of these biological replicate flasks, for sequencing as technical replicates (see below). In total, 28 pellets were subjected to sequencing: 4 technical replicates from the time-zero culture; 3 biological replicates, 4 technical replicates each, from the 28°C selection; and 3 biological replicates, 4 technical replicates each, from the 39°C selection.
Tn-seq library construction
To determine the abundance of transposon mutant hemizygote clones after selection, we first sequenced transposon (Tn) insertions as follows. Each cell pellet from a time zero or selection sample (see above) was thawed on ice, and its genomic DNA (gDNA) was harvested with the ZR Fungal/Bacterial DNA MiniPrep kit (Zymo Research). gDNA was resuspended in DNA elution buffer (Zymo) pre-warmed to 65°C and its concentration was quantified using a Qubit 3.0 fluorometer. Illumina Tn-seq library construction was as described 18 . Briefly, gDNA was sonicated and ligated with common adapters, and for each fragment deriving from a Tn insertion in the genome, a sequence containing a portion of the transposon and a portion of its genomic context (the Tn-genome junction) was amplified using one primer homologous to a region in the Reads sequenced per library are reported in Supplementary Table 2 .
Tn-seq read-mapping and data analysis
For analysis of data from the sequencing of Tn insertion sites in pools of hemizygotes, we first searched each read for a string corresponding to the last 20 base pairs of the left arm of the piggyBac transposon sequence, allowing up to two mismatches. For each Tn-containing read, we then identified the genomic location of the sequence immediately downstream of the Tn insertion site, which we call the genomic context of the insertion, by mapping with BLAT (minimum sequence identity = 95, tile size = 12) against a hybrid reference genome made by concatenating amended S. cerevisiae and S. paradoxus genomes (see below). These genomiccontext sequence fragments were of variable length; any case in which the sequence was shorter than 50 base pairs was eliminated from further analysis, as was any case in which a genomic-context sequence mapped to more than one location in the hybrid reference. The resulting data set thus comprised reads containing genomic-context sequences specifically mapping to a single location in either S. cerevisiae or S. paradoxus, which we call usable reads.
For a given library, given a cohort of usable reads whose genomic-context sequence mapped to the same genomic location, we inferred that these reads originated from clones of a single mutant with the Tn inserted at the respective site, which we call an insertion. In cases where the genomic-context sequences from reads in a given library mapped to positions within 3 bases of each other, we inferred that these all originated from the same mutant genotype and combined them, assigning to them the position corresponding to the single location to which the most reads mapped among those combined. For a given insertion thus defined, we considered the number of associated reads n insert as a measure proportional to the abundance of the insertion clone in the cell pellet whose gDNA was sequenced. To enable comparison of these abundances across samples, we tabulated the total number of usable reads n pellet from each cell pellet, took the average of this quantity across pellets, <n pellet >, and multiplied each n insert by <n pellet >/ n pellet to yield a insert , the final normalized estimate of the abundance of the insertion clone in the respective pellet. For any insertions that were not detected in a given pellet's library (n insert = 0) but detectable in another library of the data set, we assigned n insert = 1.
We evaluated, from the mapped genomic-context sequence of each insertion, whether it fell into a gene according to the S. cerevisiae and S. paradoxus genome annotations 9, 19 , and we retained for further analysis only those insertions that fell into genes that were syntenic in the two species. For each such insertion, for each biological replicate corresponding to a selection culture (at 28°C or 39°C), we averaged the normalized abundances a insert across technical replicates, yielding a single abundance estimate <a insert > technical for the biological replicate. We then calculated the mean of the latter quantities across all biological replicates of the selection, to yield a final abundance estimate for the insertion in this selection, <a insert > total . Likewise, for each insertion and selection experiment we calculated CV insert , total , the coefficient of variation of <a insert > technical values across biological replicates.
To use Tn-seq data in reciprocal hemizygosity tests, we considered for analysis only genes annotated with the same (orthologous) gene name in the S. cerevisiae and S. paradoxus reference genomes. For each insertion, we divided the <a insert > total value from the 39°C selection by the analogous quantity from the 28°C selection and took the log 2 of this ratio, which we consider to reflect thermotolerance as measured by RH-seq. For each gene in turn, we used a two-tailed Mann-Whitney U test to compare thermotolerance measured by RH-seq between the set of insertions falling into the S. cerevisiae alleles of the gene, against the analogous quantity from the set of insertions falling into the S. paradoxus allele of the gene, and we corrected for multiple testing using the Benjamini-Hochberg method.
We tabulated the number of inserts and genes used as input into the reciprocal hemizygote test, and the number of top-scoring genes emerging from these tests, under each of a range of possible thresholds for coverage and measurement noise parameter values (Supplementary Figure 3) . We used in the final analysis the parameter-value set yielding the most extensive coverage and the most high-significance hits: this corresponded to insertions whose abundances had, in the data from at least one of the two selections (at 28°C or 39°C), CV insert , total ≤ 1.5 and <a insert > total ≥ 1.1, and genes for which this high-confidence insertion data set contained at least 5 insertions in each species' allele. This final data set comprised 110,678
high-quality insertions (Supplementary Table 3 ) in 3416 genes (Supplementary Table 4 ).
Amended reference genome construction
We generated reference genomes for S. cerevisiae strain DBVPG1373 and S. paradoxus strain Z1 as follows. Raw genome sequencing reads for each strain were downloaded from the SGRP2 database (ftp://ftp.sanger.ac.uk/pub/users/dmc/yeast/SGRP2/input/strains). Reads were aligned using bowtie2 20 with default options; DBVPG1373 reads were aligned to version R64.2.1 of the reference sequence of the S. cerevisiae type strain S288C (Genbank Assembly Accession GCA_000146045.2), and Z1 reads were aligned to the S. paradoxus strain CBS432 reference sequence 21 . Single nucleotide variants (SNPs) were called using a pipeline of samtools 22 , bcftools and bgzip, and were filtered for a quality score (QUAL) of >20 and a combined depth (DP) of >5 and either <65 (S. cerevisiae) or <255 (S. paradoxus). We then amended each reference genome with the respective filtered SNPs: we replaced the S288C allele with that of DBVPG1373 at each filtered SNP using bcftools' consensus command with default options (42,983 base pairs total), and amendment of the CBS432 sequence was carried out analogously using Z1 alleles (15,126 base pairs total).
Targeted-deletion hemizygote construction by homologous recombination
A given targeted hemizygote for each RH-seq hit gene except TAF2 was generated in the S. cerevisiae x S. paradoxus hybrid (JR507) by knocking out the allele of the gene from one species via homologous recombination with KANMX as described 23 with 70 base pairs of homology on the 5' and 3' ends of the cassette; checking was via diagnostic PCR. Two or more independent transformants were isolated and phenotyped for each hemizygote genotype (Supplementary Table 1 ).
Construction of allele replacement and targeted hemizgyote strains with Cas9
At each RH-seq hit gene, we constructed strains in the wild-type homozygous diploid S. cerevisiae (DBVPG1373) in which both copies of the endogenous allele were replaced by the allele from S. paradoxus (Z1), and likewise for S. cerevisiae alleles into S. paradoxus. We call each such strain an allele-replacement strain, and each was constructed using a dual-guide Cas9 transgenesis method 24 in which a linear PCR fragment from the donor species is incorporated into the recipient genome by homology-directed repair of two chromosomal double-strand breaks induced by Cas9. Briefly, for each allele of each gene, we designed two guide RNAs for double-strand breaks by Cas9: one guide targeted a position ~1000 base pairs 5' to the coding start or at the 3' end of the closest upstream gene, whichever was closer, and the other guide targeted the region of the coding stop. The precise cut site of each was chosen to contain an NGG immediately downstream of variants between the S. cerevisiae and S.
paradoxus strains, to avoid re-cutting of the donor allele by Cas9 after it had been introduced into the recipient strain. We cloned the two guide RNAs, a KANMX cassette, and the gene encoding the S. pyogenes Cas9 protein into a single plasmid as described 24 . The resulting plasmid was propagated in DH5a E. coli and miniprepped with a column miniprep kit (Qiagen).
Separately, to generate the fragment to be used as the donor for DNA repair after Cas9 cutting, Sanger-sequenced at the junctions of the recipient and donor sequence. Positive patches were streaked to single colonies on YPD plates, and cells from each such colony were used to inoculate a patch on a YPD plate and, separately, to inoculate a patch on a YPD+G418 plate.
Those colonies whose patches grew on the former but not on the latter were inferred to be cured of the plasmid and stored at -80°C. For all genes except DYN1, two such strains from each transformation were retained for thermotolerance assays and underwent Sanger sequencing of the entire locus to determine the exact swapped region (Supplementary Table 1 ).
For DYN1 allele-replacement in S. paradoxus, the Cas9-based strategy yielded a single verified clone in which the S. paradoxus allele of DYN1 was replaced by that of S. cerevisiae, and likewise for DYN1 allele-replacement in S. cerevisiae. In each case, we mated the single swap clone to a wild-type of the respective species background, confirmed heterozygosity of the resulting diploid via allele-specific diagnostic PCR at the DYN1 locus, sporulated, and dissected tetrads, allowing each spore to autodiploidize and grow up as a homozygote; we retained from one such tetrad the two spores that were homozygous at the DYN1 locus for the swapped allele, as confirmed by sequencing, and stored these at -80°C.
Targeted-deletion hemizygote strains for TAF2 were generated by knocking out the S. cerevisiae or the S. paradoxus allele in the interspecific hybrid (JR507) using the above methods for Cas9 cutting and repair, with the following differences. To generate the fragment to be used as the donor for DNA repair after Cas9 cutting, we PCR-amplified the NATMX cassette from pBC713 (a gift from John Dueber, constructed as in 25 ) using primers whose 5'-most 70 base pairs were homologous to the recipient and whose 3'-most 20 base pairs were homologous to the cassette. The homology region at the 5' end of the gene ended 22 base pairs outside the 5' cut site (which was upstream of coding start), and the homology region at the 3' end of the gene started 33 base pairs outside the 3' cut site. Positive strains were confirmed by PCR. Two independent transformants were isolated and phenotyped for each genotype (Supplementary Table 1 ).
Growth assays
Growth measurements of wild-type SGRP strains.
For the growth timecourse of a given SGRP strain at 28°C, it was streaked from a -80°C freezer stock onto a YPD agar plate and incubated at 26°C for 3 days. A single colony was inoculated hours. For curves in Supplementary Figure 1A , measurements for optical density at 595nm
(OD 595 ) were taken every 30 minutes and for each timepoint, the average was taken across replicate wells. To subtract background OD 595 for the resulting curve, we tabulated the mean of the five lowest values from all datapoints, excluding the first two, and subtracted this value from that of each timepoint, setting any negative value to 0. To smooth the resulting curve, we first replaced each timepoint measurement by its average with those of the timepoints immediately before and after it; then, for any timepoint whose measurement was not greater than or equal to the previous one, we set it to be equal to that previous data point. For Supplementary Figure   1B , the efficiency for a given growth curve (from a single well) was calculated as the difference between the OD 595 measured at the last four smoothed and averaged data points and that of the first four smoothed and averaged data points. Efficiencies from all of the wells from every S.
cerevisiae strain were combined and compared to efficiencies from all of the wells for every S.
For the growth timecourse of a given SGRP strain at 39°C ( Figure 1A ), we used a large-volume flask growth paradigm to avoid the influence of plate effects on growth measurements at high temperature in the incubated microplate reader, as follows. Each strain was streaked from a -80°C freezer stock onto a YPD agar plate and incubated at 26°C for 3 days. A single colony of a given strain was inoculated into liquid YPD and grown for 24 hours at 28°C with shaking at 200 rpm. Each of these cultures was back-diluted into YPD at an OD 600 of 0.05 and grown for an additional 5.5-7.5 hours at 28°C, shaking at 200 rpm, until reaching logarithmic phase. We transferred cells from each such pre-culture, and YPD, to a glass 250 mL flask at the volumes required to attain an OD 600 of 0.05 in 100 mL YPD, and incubated it at 39°C with shaking at 200 rpm. OD 600 readings were taken every ~2 hours for ~18 hours. Figure 1A reports representative data from one of three such independent timecourse experiments. For curve fits, we used the getInitial and SSlogis functions in R to estimate starting values for the parameters of the logistic equation, and the nls function to fit the final parameters.
For efficiency measurements of a given SGRP strain at 39°C in the large-volume format ( Figure   1B ), it was streaked from a -80°C freezer stock onto a YPD agar plate and incubated at 26°C for 3 days. Two single colonies of each strain were each inoculated into liquid YPD and grown for 24 hours at 28°C with shaking at 200 rpm to generate two replicate pre-cultures. Each was back-diluted into YPD at an OD 600 at 600 nm of 0.05 and grown for an additional 5.5 hours at 28°C, shaking at 200 rpm, until reaching logarithmic phase. The two pre-cultures were each again back-diluted into YPD in 1-inch diameter glass tubes with a target OD 600 of 0.05; the actual OD 600 of each was measured, after which it was grown at 39°C with shaking at 200rpm for 24 hours, and OD 600 was measured again. The efficiency for each replicate was calculated as the difference between these final and initial OD 600 values. The pipeline from inoculation off solid plates through pre-culture, two back-dilutions, and growth at 39°C we refer to as a day's growth experiment for an SGRP strain. For each day's experiments, we calculated the average efficiency across the replicates of each strain <e strain >. We carried out two days' worth of replicate growth experiments for each strain. For a given species, we used the complete cohort of measurements of <e strain > from all strains of each species, across all days, as input into a twosample, two-tailed t-test to evaluate whether the suite of e strain values across strains of S.
cerevisiae was significantly different from the analogous set of values from S. paradoxus.
Growth measurements of targeted-deletion hemizygotes and allele-replacement strains at 28°C.
For efficiency measurements of a given targeted-deletion hemizygote or allele-replacement strain at 28°C (Supplementary Figures 5 and 6 ), pre-culture and plate reader assays were as for wild-type SGRP strains, except that 6 or more replicate wells were cultured per strain. Two independently isolated targeted-deletion hemizygotes or allele-replacement strains (Supplementary Table 1) were assayed for each genotype. Each timecourse of targeteddeletion hemizygote or allele-replacement strains also included the wild-type hybrid (JR507) or parent (S. cerevisiae DBVPG1373 or S. paradoxus Z1), respectively, with pre-culture and replication as above. Efficiency for a given growth curve (from a single well) was calculated as the difference between the OD 600 measured at the last four smoothed and averaged datapoints and that of the first four smoothed and averaged datapoints, with smoothing and averaging as detailed above. For Supplementary Figure 5 , relative efficiency for a given well of a given targeted-deletion hemizygote strain at 28°C was tabulated as its efficiency divided by that of the average of all replicate wells of the wild-type hybrid grown in the same experiment. For a given gene, we used the complete cohort of these measurements, from all isogenic hemizygotes, as input into a two-sample, two-tailed t-test to evaluate whether the relative efficiency of the strain in which the S. cerevisiae allele was knocked out was lower than the analogous quantity from the strain in which the S. paradoxus allele was knocked out. In Supplementary Figure 6 , allelereplacement strains for a given gene were analyzed analogously using the respective wild-type parent and with a one-sample, two-tailed t-test to evaluate whether the relative efficiency was significantly different from 1.
Growth measurements of targeted-deletion hemizygotes and allele-replacement strains at 39°C.
For efficiency measurements of a given targeted-deletion hemizygote strain at 39°C in the largevolume format ( Figure 2B ), each strain was streaked from a -80°C freezer stock onto a YPD agar plate and incubated at 26°C for 3 days. Two single colonies of a given strain were each inoculated into liquid YPD and grown for 24 hours at 28°C with shaking at 200 rpm. Each such pre-culture at stationary phase, or a log-phase outgrowth of it (which we used in the case of DYN1 and TAF2: the pre-culture and YPD were added at the volumes required to attain an OD 600 of 0.05 and grown for an additional 5.5 hours at 28°C, shaking at 200 rpm, until the culture reached logarithmic phase) was used to inoculate YPD in 1-inch diameter glass culture tubes with a target cell density corresponding to an OD 600 of 0.05. The actual OD 600 of each was measured, after which it was grown at 39°C with shaking at 200 rpm for 24 hours, and OD 600 was measured again. The efficiency for each such replicate was then calculated as the difference between the final and initial OD 600 values. The pipeline from inoculation off solid plates through pre-culture, back-dilution, and growth at 39°C we refer to as a day's growth experiment for a targeted-deletion homozygote. In each such experiment, 2-3 independently isolated targeted-deletion hemizygotes of a given gene in each direction were all assayed on the same day, alongside the wild-type hybrid parent (JR507) with replicate structure and methods as above. From each day's experiments, we calculated the average efficiency across the replicates of the wild-type hybrid <e hybrid >, and we used this quantity to normalize the efficiency e hemizyg measured for each replicate of each hemizygote strain assayed on that day.
Thus, the final observable used for analysis for each replicate on a given day was e hemizyg /<e hybrid >. We carried out 2-3 days' replicate growth experiments for each gene's hemizygotes. For a given gene, we used the complete cohort of these measurements of e hemizyg /<e hybrid >, from all days and all isogenic hemizygotes, as input into a two-sample, onetailed t-test to evaluate whether e hemizyg /<e hybrid > of the strain in which the S. cerevisiae allele was knocked out was lower than the analogous quantity from the strain in which the S.
paradoxus allele was knocked out. were each again back-diluted into YPD in 1-inch diameter glass tubes with a target OD 600 of 0.05; the actual OD 600 of each was measured, after which it was grown at 39°C with shaking at 200rpm for 24 hours, and OD 600 was measured again. The efficiency for each replicate was calculated as the difference between these final and initial OD 600 values. The pipeline from inoculation off solid plates through pre-culture, two back-dilutions, and growth at 39°C we refer to as a day's growth experiment for an allele-swap strain. In each such experiment, 2-3 independently isolated allele-swap strains targeting a given gene in a given background were all assayed on the same day, alongside the respective wild-type background strain (S. cerevisiae DBVPG1373 or S. paradoxus Z1) with replicate structure and methods as above. For each day's experiments, we calculated the average efficiency across the replicates of the wild-type parent <e parent >, and we used this quantity to normalize the efficiency e swap measured for each replicate assayed on that day of each allele-swap strain in the respective background. Thus, the final measurement used for analysis for each replicate on a given day was e swap /<e parent >. We carried out 2-3 days' worth of replicate growth experiments for each gene's allele-swap strains.
For a given gene in a given background, we used the complete cohort of measurements of e swap /<e parent > from all days and all allele-swap strains as input into a one-sample, one-tailed ttest to evaluate whether e swap /<e parent > was significantly different from 1. For swaps of the S.
cerevisiae allele of a given gene into S. paradoxus, we tested whether e swap /<e parent > was greater than 1 (i.e. that the swap strain grew better at 39°C than did its parent), and for swaps of the S. paradoxus allele of a given gene into S. cerevisiae, we tested whether e swap /<e parent > was less than 1 (i.e. that the swap strain grew worse at 39°C than its parent).
Testing viability of wild-type parent strains at 39°C.
To test the viability of heat-treated S. paradoxus Z1 and S. cerevisiae DBVPG1373 hours, which we call treated cultures. OD 600 of each was measured, and 100 µL of a 5.0x10 -4 serial dilution of each was plated to YPD (excepting S. paradoxus cultures grown at 39°C, which were only serially diluted to 10 -3 ). Plates were incubated at 26°C for 3 days until single colonies appeared. Colonies on each plate were counted, from which we tabulated the colony forming units (CFU) per mL of culture plated. Viability was then calculated for each treated culture as the ratio of CFU/mL to OD 600 , and we computed the relative viability for the two treated cultures from a given pre-culture (treated at 39°C and 28°C respectively) as the ratio of their viabilities, ([CFU/mL]/OD 600 ) 39 / ([CFU/mL]/OD 600 ) 28 . The pipeline from pre-culture through treatment and colony counting we refer to as one day's worth of experiments. All values from both species across two days' worth of experiments were used in a two-sample, one-tailed t-test to evaluate whether the relative viability of S. paradoxus was lower than that of S. cerevisiae.
Phylogenetic analysis
We downloaded orthologous protein coding regions for the type strains of S. cerevisiae, S.
paradoxus, and an outgroup, S. mikatae, from 9 . For each gene for which ortholog sequences were available in all three species, we aligned the sequences with PRANK 26 utilizing the "-codon" option for codon alignment. These alignments were used as input into the codeml module of PAML 27 , which was run assuming no molecular clock and allowing omega values to vary for each branch in the phylogeny. From the resulting inferences, we tabulated the branch length on the S. cerevisiae lineage for each gene. To evaluate whether sequence divergence of the eight RH-seq hit genes showed signatures of rapid evolution along the S. cerevisiae lineage, we first tabulated <l> true , the mean of these branch lengths across the eight RH-seq hit genes.
We then sampled eight random genes from the set of 3416 genes tested by RH-seq; to account for biases associated with lower rates of divergence among essential genes, the resampled set contained six essential genes and two non-essential genes, mirroring the breakdown of essentiality among the RH-seq hits. Across this random sample we tabulated the mean branch length along the S. cerevisiae lineage, <l> resample . We repeated the resampling 5000 times and used as an empirical p-value the proportion of resamples at which <l> resample ≥ <l> true .
Data availability
RH-seq data will be deposited in the Sequence Read Archive (SRA) upon publication.
Code availability
Custom Python and R scripts used for RH-seq data analysis are available upon request.
